The objective of this paper is to design an environmentally-friendly supply chain (efSC) network by efficiently regulating CO 2 emission amount resulting from transportation process of materials or products. For designing the efSC network, a mathematical formulation considering various transportation types (i.e., normal delivery, direct delivery and direct shipment) is suggested and implemented using hybrid genetic algorithm (pro-HGA) approach. In numerical experiment, the performance of the pro-HGA approach is compared with those of other conventional approaches, and the efficiency of the efSC network is also compared with that of the SC network not regulating CO 2 emission amount under various measures. Finally, it is proved that the performance of the pro-HGA approach is superior to those of the others and the efSC network outperforms the conventional SC network.
Introduction
In general, supply chain (SC) network considers various facilities at each stage. For example, suppliers, manufacturers, distribution centers (DCs), retailers and customers are usually taken into consideration for the production and transportation of materials or products. Recently, with the increased concerns on environmental problems, many companies have focused on constructing their SC networks efficiently. Especially, among the environmental problems, the CO 2 emission amount resulting from the transportation of materials or products between various stages of the SC network has been continuously increasing, which stimulates many researchers to develop more efficient SC network in order to decrease it. One of the solutions for decreasing the CO 2 emission amount is to increase the efficiency of transportation in the SC network. The efficiency can be calculated by applying various transportation types to the SC network. Three types of transportation are generally considered in the SC network: normal delivery (NMD), direct delivery (DRD) and direct shipment (DRS). The NMD is to transport materials or products from a stage to another adjoining to this one. For example, some materials can be transported from suppliers to manufacturers in a series of the SC network (suppliers manufacturers DCs retailers customers), which can be called as the NMD. Some products can be directly delivered from DCs to customers not via retailers, this kind of transportation type is called as the DRD. Some products can be also directly shipped from manufacturers to retailers or customers not via DCs and this can be called as the DRS.
The efficiency of the SC network under three types of transportation mentioned above has been considered in many conventional literatures [Chiang et al., 2003; Chiang and Mo-nahan, 2005; Hua et al., 2010; Chen et al., 2017; Özceylan et al., 2017] . Chiang et al. [2003] analysed a dual-channel SC network using direct marketing. They used the DRS by transporting a product to retailer or customer directly and showed that the profit and efficiency of the SC network can be increased by using the DRS efficiently and strategically. Similar to Ching et al. [2003] , Chiang and Monahan [2005] suggested a two-echelon dual-channel SC network for efficient inventory management. In this study, they focused three scenarios for transportation: i) first scenario is to consider a situation that products are transported from manufacturer to customer through retailer by the NMD alone, ii) in second scenario, two types of transportation are considered simultaneously, that is, products are transported from manufacturer to customer through retailer by the NMD and are also directly shipped from manufacturer to customer by the DRS and iii) in the final scenario, products are directly shipped from manufacturer to customer by the DRS alone. The experimental result showed that the performance of the second scenario using both the NMD and DRS is superior to those of the first and third scenarios using the NMD or DRS alone. Hua et al. [2010] suggested a dual-channel SC network for determining product price and lead time. They used the NMD, DRD and DRS in the SC network to analyse how does these types of transportation have influence on product price and lead time. The experimental result using various scenarios showed that the duplicated use of the NMD, DRD and DRS in the SC network is more efficient in controlling product price and lead time than the single use of them. Chen et al. [2017] proposed a SC network with two types of transportation. The first type is to consider the NMD in the SC network and in the second one, the NMD, DRD and DRS are taken into account in it. The performances of the SC network with two types ware compared with each other and proved that the SC network with the NMD, DRD and DRS are more efficient than that with the NMD alone. Özceylan et al. [2017] proposed a SC network for automotive industry in Turkey. In the proposed SC network, the NMD was only used for transporting automotive and automotive-related components from supplier to user cluster via manufacturer and DC. To consider an environmental problem in transporting them, they proposed a mathematical formulation considering CO 2 emission amount.
By analysing the previous studies mentioned above, we can reach the following two key points:
• Except for Özceylan et al. [2017] , they did not consider any kind of environmental problems such as CO 2 emission amount, though various transportation types was considered in their SC networks. • Except for Chen et al. [2017] , they considered relatively simple and small-sized SC network, though most of the SC networks are complicated and large-sized networks. • They did not analysed the performances of their SC networks using various measures such as best solution, average solution, average search speed and average number of iteration.
Therefore, in this paper, we develop an improved SC (iSC) network. The iSC network i) uses CO 2 emission amount as a constraint for considering environmental problem, ii) considers complicated and large-sized networks, and iii) compares the performance of our approach with those of the other conventional approaches using various measures. For the approach to analyse its performance, we develop a hybrid genetic algorithm (pro-HGA) approach which combines a genetic algorithm (GA) approach with cuckoo search (CS) approach. Therefore, the performance of the pro-HGA approach is compared with those of the other conventional approaches.
In Section 2, the SC network with the NMD, DRD and DRS is presented. A mathematical formulation for representing the SC network which considers CO 2 emission amount is suggested in Section 3. The pro-HGA approach is implemented to solve the SC network in Section 4. In Section 5, the numerical experiments using complicated and large-sized SC networks are done for proving the efficiency of the pro-HGA approach using various measures. Finally, some conclusions are summarized in Section 6.
Proposed iSC network
In this section, we propose the structure of the iSC network with the NMD, DRD and DRS altogether. Its flow is as fol-low. Supplier prepares parts and sends them to manufacturer. Manufacturer produces products using the parts and send them to retailer via DC. Finally, retailer sends the products to customer. This flow is proceeded using the NMD. The DRD is occurred at DC, that is, DC directly sends products to customer not via retailer. Some products can be also directly sent from manufacturer to customer not via DC and retailer and this flow is the DRS. The conceptual flow of the iSC network is shown in Figure 1 .
Mathematical formulation
First, some assumptions are considered for implementing the iSC network presented in Section 2.
• Single type of product is only considered. • The numbers of facilities considered at each stage of supplier, manufacturer, DC, retailer and customer are fixed and already known. • Only one facility is opened at each stage of suppler, manufacturer, and DC. However, all facilities at retailer and customer are always opened. • The fixed costs for operating the facilities considered at each stage of suppler, manufacturer, DC, and retailer are different and already known. • The unit handling costs of the facilities considered at each stage of suppler, manufacturer, DC and retailer are different and already known. • The unit transportation costs of the facilities among suppler, manufacturer, DC, retailer and customer are different and already known. • The proposed iSC network is considered under steady-state situation.
Index, parameters, and decision variables are defined as follows: 
∑ m xm m = 1 (11)
cs s , cm m , cd d , cr r , cc c ≥ 0, ∀s ∈ S, ∀m ∈ M, ∀d ∈ D, ∀r ∈ D, ∀c ∈ C
Equations (1) shows the objective function of the TC. Equations (2) through (4) show the TFC, THC, TTC, respectively. Especially, in Equation (4), the cost of CO 2 emission per material or product when transporting them is considered. Equations (5) though (8) mean that the sum of amount of materials or products transported from current stage to the next stage is less than or equal to the capacity of the next stage. Equation (9) represents that total amount of CO 2 emission when transporting materials or products is less than or equal to the allowable maximum amount of CO 2 emission. Equations (10) though (12) show that only one facility should be opened at each stage. Equations (13) to (15) represent that each decision variable should take a value of 0 or 1. Equation (16) refers to non-negativity.
pro-HGA approach
Since most of the complicated network problems including the iSC network have NP-complete nature [Savaskan et al., 2004; Gen and Cheng, 2000] , GA approach, one of the metaheuristics, has been adapted to find optimal solution in many literatures [Min et al., 2006; 2012; . However, there are many situations that the conventional GA approach does not well perform particularly. First, GA approach sometimes gets stuck at local optimal solutions instead of finding global optimal solution. Secondly, when GA approach converges to a feasible region including global optimal solution, finding the global optimal solution within the region using GA approach become difficult or impossible because of the lack of local search ability in it. Therefore, to cope with the weaknesses of GA search mentioned above, various HGA approaches using GA approach and other conventional approaches have been developed by many researchers [Gen and Cheng, 2000; Yun, 2006; Yun et al., 2013; Gen et al., 2017; Chuluunsukh et al., 2018] .
In this paper, we also develop the pro-HGA approach to efficiently solve the iSC network. The pro-HGA approach which combines a conventional GA approach with a CS approach is an improved version of the conventional HGA approach by Kanagaraj et al. [2013] . Kanagaraj et al. [2013] proposed a HGA approach using GA and CS approaches for solving reliability optimization problems. The main search process is as follows: First, GA approach is applied to produce new population uisng GA operators (crossover, mutation and selection). Secondly, CS approach is adapted to produce more respective solutions using the new population produced by GA approach. The key point of this approach is to locate global optimal solution more quickly using Lévy f light scheme of CS approach. However, the Lévy f light scheme is applied to only one solution among all the solutions of the new population produced by GA approach and its use is done by only one time in each iteration. Also, if the fitness value of the solution produced by Lévy flight scheme is inferior to that of the solution randomly selected in the new population produced by GA approach, the improvement of the solution produced by Lévy flight scheme can become impossible.
To improve the weakness of the HGA approach by Kanagaraj et al. [2013] mentioned above, the continuous production of the respective solutions and the improvement of the solution should be required during GA and CS search processes. For achieving this strategy, we modify the Lévy flight scheme of CS approach, that is, all the solutions of the new population produced by GA approach are adapted to Lévy flight scheme in each generation. The detailed implementation procedure of the pro-HGA approach is shown in Figure 2 .
Numerical experiment
In numerical experiment, five scales of the iSC network are considered. The detailed information of the facilities consid-ered at each stage is shown in Table 1 .
For example, in scale 1 of Table 1 , three suppliers and DCs, two manufactures and retailers and five customers are considered. For comparing the performance of the pro-HGA approach, some conventional approaches are also used and their detailed information are summarized in Table 2 .
All the approaches, except for LINGO, are programmed by procedure: pro-HGA approach begin x best = 0 t ← 0; // t: generation number initialize population P(t) from n host nest x i (i = 1,2, …, n); while (not stop condition)
create O(t) from P(t) by crossover and mutation routines; evaluate O(t) and store the best solution x Gbest ; for each solution x i of O(t) do generate a new solution x Lev from the x i by applying Lévy flight scheme; randomly choose a solution x i among O(t); if (F(x Lev ) > F(x i )) then C(t) ← x Lev //C(t): population of CS end end a fraction (p a ) of worst solutions is abandoned; randomly regenerate new solutions x fra as many as the fraction; C(t) ← x fra evaluate C(t) and store the best solution x Cbest ; if (F(x Gbest ) > F(x Cbest )) then
x best ← x Gbest else
x best ← x Cbest end produce new P(t) using O(t) and C(t) by selection routine; t ← t+1; end output: the best solution x best ; end HGA with GA and CS by Kanagaraj [2013] HGA2 HGA with GA and TS by Xinyu and Liang [2016] pro-HGA Proposed HGA with GA and CS LINGO Optimization solver by Lindo [2015] MATLAB version 2014b and ran under a same computation environment (IBM compatible PC 1.3 Ghz processor-Intel core I5-1600 CPU, 4GB RAM, and OS-X EI). The parameter settings for the GA, HGA1, HGA2 and pro-HGA approaches are as following: total numbers of generations is 2,000, population size 30, crossover rate 0.5, and mutation rate 0.2. These initial parameter values were obtained by fine tuning procedure of each approach. Number of host nest (n) is 20, α = 1, p a = 0.25 for the search of CS approach used in the HGA1 and pro-HGA approaches [Kanagaraj et al., 2013] . CO2 A = 1.15 for CO 2 emission used in Equation (9). Total 30 independent trials were carried out to eliminate the randomness of the search process of each approach. The performances of all the approaches are compared using various measures as shown in Table 3 .
Using the five scales in Table 1 , the computation results of all approaches are shown in Tables 4, 5 and 6. In Scale 1, all the approaches including the pro-HGA approach locate the optimal solution in terms of the BS and AS. Also, all of them find the optimal solution at the first generation in terms of the AI. However, in terms of the AT, except the LINGO, the GA and HGA1 approaches are the quickest and the HGA2 approach is the slowest. Similar to Scale 1, in Scale 2, all the approaches locate the optimal solution in terms of the BS and AS. However, in terms of the AI, the performance of the pro-HGA approach is superior to those the GA, HGA1 and HGA2 approaches.
In terms of the AT, the GA, HGA1 and pro-HGA approaches show similar performances and they outperform the HGA2 approach.
In Scale 3 of Table 5 , the HGA1 and pro-HGA approaches have the same performance, and their performances are slightly better than those of the GA and HGA2 approaches in terms of the BS. In terms of the P/D, the performances of the HGA1 and pro-HGA approaches are 0.09 % and 4.5 % advantageous than those of the HGA1 and GA approaches, respectively. In terms of the AI, the pro-HGA approach has significantly better performance than the others. However, in terms of the AS, the GA and HGA1 approaches show to be better performances than the pro-HGA approach. In Scale 4, the pro-HGA approach shows to be slightly better performances than the others in terms of BS and AS. In terms of the P/D, the differences of the GA, HGA1, HGA2, and pro-HGA approaches are respectively -3.17 %, -3.35 %, -3.35 %, and -3.51 %, when compared with the performance of the LINGO, which shows that the pro-HGA approach outperforms the others. In terms of the AI and AT, it can be seen that the performances of the GA and HGA1 are slightly superior to that of the pro-HGA approach and significantly better than that of the HGA2 ap-proach.
In Scale 5 of the Table 6 , the pro-HGA approach shows to be better performances in terms of the BS, AS, and P/D than the GA, HGA1 and HGA2 approaches. In terms of the AI, the HGA1 approach is the quickest and the HGA2 approach is the slowest. The average search time to optimal solution shows that the GA and HGA1 approaches are about two times quicker than the pro-HGA approach, and the HGA2 approach is the slowest.
For more various comparison, Figure 3 shows the convergence behaviours of the GA, HGA1, HGA2, and pro-HGA approaches until the generation number is reached to 500 in Scale 5.
In Figure 3 , the GA and HGA1 approaches are quickly converged until about 30 generations, and the HGA2 approach shows a quick convergence behaviours until about 140 generations. However, after the generations, the GA, HGA1 and HGA2 approaches do not shows any convergence behaviours at all. The pro-HGA approach shows a quick convergence behaviours until about 125 generations and after that, its performance is better than the GA, HGA1 and HGA2 approaches.
Using the analysed results of Tables 4, 5 and 6 and the Figure  3 , the following conclusions can be reached. • The pro-HGA approach proposed in this paper shows to be better performance in terms of the BS than the GA, HGA1 and HGA2 approaches, which indicates that the search scheme used in the pro-HGA approach is more efficient than those used in the others, though the former does not shows any other strongpoints in terms of the AS and AI rather than the latter. • The search speed of the pro-HGA approach is about two times slower than those of the GA, HGA1 and HGA2 approaches in terms of the AT. This means that the pro-HGA approach requires more computation times to find optimal solution that the others. Table 7 shows the performances on the changes of CO 2 emission amount when its ratio is increased from 1.00 to 1.30 by 5 %. The results of the THC and TFC are not changed, but the TTC is changed over all the ratios, since the amount of CO 2 emission have directly influence on the TTC. The 'Difference' shows that TC is increased by about 3 % whenever the CO2 emission amount is increased by 5 %. This result indicates that, if we want to decrease the CO 2 emission amount for constructing environmentally-friendly supply chain network, the total cost of operating the network should be also increased.
Conclusion
In this paper, we have designed an environmentallyfriendly supply chain network, called the iSC network. The structure of the iSC network is consisted of suppliers, manufacturers, DCs, retailers and customers at each stage. A mathematical formulation has been suggested for representing the iSC network, and it has been implemented using the pro-HGA approach with GA and CS approaches. In numerical experiments, five scales of the iSC network have been presented for comparing the performances of the pro-HGA with other competing approaches using various measures. Experimental results have shown that the pro-HGA approach outperforms the others.
The main objective of this paper is to consider CO 2 emission amount as a constraint for constructing environmentallyfriendly supply chain network, since most of the conventional studies mentioned in Section 1 have not been considered it. Also we have confirmed the increase and decrease of TC according to the changes of CO 2 emission amount, which means that we can design more environmentally-friendly supply chain network if the increase of TC is permitted.
However, larger-scaled iSC networks will be tested and more various HGA approaches using particle swam optimization (PSO), Tabu search, etc., will be considered for comparing the performance of the pro-HGA approach. This will be left to our future study.
